Lactate represents a preferential energy substrate of germ cells rather than glucose. Testicular Sertoli cells are believed to produce lactate and pyruvate and to supply these to germ cells, particularly spermatocytes and spermatids. Monocarboxylate transporter (MCT), responsible for the transport of lactate and other monocarboxylates via the cell membrane, is abundant in the testes and sperm (MCT1, MCT2, and MCT4). For the uptake of glucose, germ cells within the seminiferous tubules and sperm have been known to intensely express GLUT3. The present study investigated expression profiles of MCTs and GLUTs and revealed their cellular and subcellular localization in the mouse and rat testis. An in situ hybridization analysis showed significant expressions of MCT1, MCT2, and GLUT3 mRNA in the testis. Immunohistochemically, spermatogonia, spermatocytes, and spermatids expressed MCT1 on their cell surfaces in a stage-dependent manner: in some seminiferous tubules, an intense expression of MCT1 was unique to the spermatogonia. MCT2 was restricted to the tails of elongated spermatids and sperm. An intense immunoreactivity for GLUT3 was shared by spermatocytes, spermatids, and sperm. Sertoli cells were devoid of any immunoreactivities for MCT1, MCT2, and GLUT3. The predominant energy source of germ cells may be lactate and other monocarboxylates-especially for spermatogonia, but glucose and other hexoses may be responsible for an energy supply to spermatocytes and spermatids.
For their survival and activity, cells use different energy sources to produce ATP under various conditions. Although it is not easy to characterize the energy sources for each cell, the identification of substrate-specific transporters can yield important information as to what energy is utilized. The testis with its continuous spermatogenesis is attractive for considering the energy supply system since more mature germ cells-spermatocytes and spermatidsare separated from the blood plasma by the bloodtestis barrier, whereas spermatogonia are outside this barrier. Furthermore, Sertoli cells play supportive and regulatory roles in terms of the energy metabolism of germ cells. It is generally believed that postmeiotic germ cells use lactate produced by Sertoli cells (15, 25) and that spermatogonia utilize glucose as the major energy substrates (28) . This idea is consistent with the location of the diffusion barrier constructed between the spermatogonia and spermatocytes, though glucose may cross the barrier (37) and be taken up by the spermatogenic cells (29) . The uptake of glucose is regulated by the facilitated-diffusion glucose transporter family, GLUTs, until the transport equilibrates blood glucose and intracellular glucose. On the basis of sequence simi-by an intraperitoneal injection of pentobarbital and sacrificed by bloodletting from the heart. The samples were directly embedded in a freezing medium (OCT compound; Sakura FineTechnical Co. Ltd., Tokyo, Japan) and quickly frozen in liquid nitrogen for in situ hybridization analyses. For immunohistochemistry at the light and electron microscopic levels, deeply anesthetized mice (n = 5) were perfused via the aorta with a physiological saline, followed with 4% formaldehyde plus 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4. The testes were removed and immersed in the same fixative for an additional 6 h at 4°C. All experiments using animals were performed under protocols following the Guidelines for Animal Experimentation, Hokkaido University Graduate School of Medicine.
In situ hybridization. Two non-overlapping antisense oligonucleotide DNA probes (45 bases in length) were designed for each mRNA of mouse MCT1-MCT14 and facilitated-diffusion glucose transporter GLUT1-GLUT4, as described in our previous study (25) . Antisense probes for mouse GLUT7, GLUT8, GLUT9, GLUT10, and GLUT12 were newly designed to be complementary to the following sequences: 599-643 and 1091-1135 of mouse GLUT7 (accession number NM_001085529), 491-535 and 1161-1205 of mouse GLUT8 (NM_019488), 421-465 and 1281-1325 of GLUT9 (NM_001102414), 611-655 and 1261-1305 of mouse GLUT10 (NM_ 130451), and 841-885 and 1501-1545 of mouse GLUT12 (NM_178934). The probes were labeled with 33 P-dATP using terminal deoxynucleotidyl transferase (Invitrogen, Carlsbad, CA). Fresh frozen sections, 14-μm-thick, were fixed with 4% formaldehyde in 0.1 M phosphate buffer for 15 min and then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl (pH 8.0) for 10 min. Hybridization was performed at 42°C for 10 h with a hybridization buffer containing 33 P-labeled oligonucleotide probes (10,000 cpm/μL). The sections were rinsed at room temperature for 30 min in 2 × SSC (1 × SSC: 150 mM sodium chloride, 15 mM sodium citrate) containing 0.1% N-lauroylsarcosine sodium, then rinsed twice at 55°C for 40 min in 0.1 × SSC containing 0.1% N-lauroylsarcosine sodium, dehydrated through a graded series of ethanol, and air-dried. Sections were either exposed to BioMax MR film (Kodak, Rochester, NY) for 10 days or dipped in an autoradiographic emulsion (NTB-2; Kodak) at 4°C for 8-10 weeks. The hybridized sections used for autoradiography were counterstained with hematoxylin after development. larities and biological characteristics, the extended GLUT family can be divided into three subfamilies, namely class I (GLUT1-4), class II (GLUT5, 7, 9, 11), and class III (GLUT6, 8, 10, 12 and HMIT) (18) . Among them, GLUT3 exhibits a considerably restricted distribution in mammalian species except for humans, in which GLUT3 is widely distributed. GLUT3 in rodents is present at high levels only in neuronal tissues (27) . In addition to the brain, sperm abundantly express GLUT3; GLUT3 expressed along the entire length of the sperm tails enables the effective utilization of glucose and/or fructose (34) . Sperm require a large amount of ATP, which is supplied primarily by glucose in the lumen of the female reproductive tract (2) . Since the glucose concentration in the oviductal fluid is lower than blood levels (17, 30) , GLUT3, a high-affinity glucose transporter, is indispensable for successful fertilization. GLUT3 is also the most abundant GLUT in the testis; early immunohistochemical studies have reported that all cell types in the seminiferous tubules express GLUT3 (4). Intermediate metabolites including lactate, acetate, and ketone bodies provide a "ready-to-use" fuel in most cells. These metabolic monocarboxylates are the fundamental energy in some cell types such as neurons (31) , oocytes (22) , and diving cells (35) , and can compensate for glucose as an energy source for most cells under some conditions such as fasting, diabetes, and the neonatal period. For utilization of the monocarboxxylates, cells are provided with specific membrane-bounded transporters, called monocarboxylate transporters (MCTs) (16, 24) . Sperm are known to express MCT1 and MCT2 in different compartments of the tails as well as GLUT3 (23, 36) . Although the testicular tissues also express some MCT subtypes (MCT1, MCT2, and MCT4) (3), the precise cellular localization of MCTs and topographical relationship with GLUT3 remain to be elucidated. The present study examined the cellular localization of predominant types of GLUT and MCT in the mouse and rat testis and revealed the abundant expression of GLUT3 in the spermatocytes and spermatids, in contrast to the spermatogonia which express MCT1.
MATERIALS AND METHODS
Tissue samplings. Ten-week-old adult female ddY mice were supplied by Japan SLC (Shizuoka, Japan). Fresh samples were obtained from the testes of five male mice, which were deeply anesthetized were detected by incubation with Cy3-labeled antirabbit IgG, anti-guinea pig IgG, and anti-rat IgG (Jackson ImmunoResearch, West Grove, PA) or AlexaFlor 488-labeled anti-rabbit IgG (Invitrogen). Some of immunostained sections were counterstained with SyTO 13 (SYTOX, Invitrogen) for observation of the nuclei. The stained sections were mounted with glycerin-PBS and observed under a confocal laser scanning microscope (Fluoview; Olympus, Tokyo, Japan). The specificity of immunoreactions on sections was confirmed according to conventional procedures, including absorption tests. The immunoreactivities were completely abolished using the primary antibodies preabsorbed with corresponding antigens (mouse MCT1, mouse MCT2, and mouse GLUT3).
Silver-intensified immunogold method for electron microscopy. The formaldehyde-fixed tissues were dipped in 30% sucrose solution overnight at 4°C, embedded in OCT compound, and quickly frozen in liquid nitrogen. Frozen sections of 15 μm in thickness were mounted on poly-L-lysine-coated glass slides, incubated with the rabbit anti-MCT1 antibody (1 μg/mL), rabbit-anti MCT2 (1 μg/mL), or rabbit anti-GLUT3 antibody (1 μg/mL) overnight, and subsequently reacted with goat anti-rabbit IgG covalently linked with 1-nm gold particles (1 : 200; Nanoprobes, Yaphank, NY). Following silver enhancement using a kit (HQ silver; Nanoprobes), the sections were osmificated, dehydrated, and directly embedded in Epon (Nisshin EM, Tokyo, Japan). Ultrathin sections were prepared and stained with both uranyl acetate and lead citrate for observation under an electron microscope (H-7100; Hitachi, Tokyo, Japan). The specificity of immunoreactions was confirmed by the disappearance of immunolabeling when the antibody was pre-incubated with the antigen.
RESULTS
In situ hybridization analysis of GLUT1-GLUT4 and MCT1-MCT14 mRNA in the mouse testis demonstrated a significant mRNA expression of GLUT3 among GLUTs, and MCT1 and MCT2 among MCTs, as shown by X-ray film images (Fig. 2) . The predominant expression of GLUT3, MCT1, and MCT2 mRNA was confirmed in the rat testis (Fig. 2) . In a light microscopic analysis of the mouse and rat testes (Fig. 3) , signals for GLUT3 mRNA were localized mainly in the layers of spermatocytes and spermatids but absent in the spermatogonia. MCT1 mRNA displayed a restricted expression along the The in situ hybridization analyses using the two non-overlapping antisense probes for each mRNA exhibited identical labeling in all the tissue samples examined. The specificity of the hybridization was also confirmed by the disappearance of signals upon the addition of an excess of an unlabeled antisense probe.
Antibodies. Affinity-purified antibody was raised against 441-484 amino acid residues of mouse MCT2 (GenBank accession number NM_011391) in the rabbit, according to the method reported previously (39) . The specificity of MCT2 antibody was tested by immunoblotting of HEK293T cells expressing murine MCT1, MCT2 or MCT4 and of mouse brain homogenates (Fig. 1) . Characterization of MCT1 and MCT4 antibodies was described previously (20) .
Immunohistochemistry. The fixed tissues were dipped in 30% sucrose solution overnight. Frozen sections were cut with a cryostat and mounted in poly-Llysine-coated glass slides and air-dried. After pretreatment with 0.3% Triton-X 100 and normal donkey serum, the sections were incubated at a concentration of 1 μg/mL with a rabbit anti-mouse MCT1 antibody, a rabbit anti-mouse MCT2 antibody, a rabbit anti-mouse MCT4 antibody, rabbit and guinea pig anti-mouse GLUT3 antibodies, a rat antimouse CD147 monoclonal antibody (AbD Serotec, MorphoSys UK Ltd, Oxford, UK), or a rabbit antihuman ZO-1 antibody (61-7300; Invitrogen) overnight. The sites of the antigen-antibody reaction immunoreactivity in the spermatogenic cells varied in intensity according to the stage. The rat testis displayed similar staining results for GLUT3, MCT1, and MCT2 (Fig. 5a-c) . When ZO-1, a marker of the tight junction, was immunohistochemically detected in the rat testis, a linear arrangement of the tight junction composing of the blood-testis barrier was visualized between MCT1-positive spermatogonia and GLUT3-positive spermatocytes (Fig. 5d) . We failed to detect immunoreactivities for GLUT1 and MCT4 within the seminiferous tubules of the mouse and rat testis, though vascular endothelial cells dispersed in the interstitium of testis were immunoreactive for GLUT1 (data not shown).
Immunogold methods at the electron microscopic level revealed the subcellular localization of GLUT3 along the plasma membrane of spermatocytes and spermatids (Fig. 6a) . The surface of elongated spermatids was also immunolabeled for GLUT3 along the entire length, but the heads of sperm were devoid of the immunoreactivity. Gold particles showing the existence of MCT2 were distributed in the cell membrane of the principal part of the sperm but not the head and middle piece, as the present and other studies have reported previously (1, 6, 23) . Gold particles for MCT1 were localized along the cell surface of spermatogonia (Fig. 6b) . Sperm in the lumen of seminiferous tubules were immunoneglayer of spermatogonia, while MCT2 mRNA showed a more intense expression in the round spermatids. The mRNA expression of GLUT3 and MCT2 displayed a clear stage-dependent expression, while the signals of MCT1 mRNA in the spermatogonia layer tended to be consistent. Immunohistochemically, GLUT3 immunoreactivity in the mouse testis was intense in thick cell-layers containing spermatocytes and spermatids, and also in the sperm tails (Fig. 4a1) . The basal cell layer containing spermatogonia lacked the GLUT3 immunoreactivity (Fig. 4a1) . Intense to moderately intense MCT1 immunoreactivities were found in the spermatogonia and spermatocytes, with less intense reactivity in spermatids (Fig. 4a2, Supplementary figure 1) . The MCT1 immunoreactivities in the germ cells displayed a stage-dependent change in intensity. Characteristically, an intense and restricted MCT1 immunoreactivity was found in round spermatogonia in several seminiferous tubules (Fig. 4a2) . MCT2 immunoreacticity was characteristic in the tails of elongated spermatids and sperm (Fig. 4b) . CD147, also termed basigin and which is a chaperone protein facilitating the trafficking of MCT molecules, assumed a broad distribution in the plasma membrane of spermatogonia, spermatocytes, and spermatids, supporting the localization of MCT1 and MCT2 mentioned above (Fig. 4c) . Like MCT1, the CD147 ative for MCT1, in contrast to early studies reporting the localization of MCT1 in the sperm heads of the hamster (12) . No Sertoli cells were immunoreactive for MCT1, MCT2, or GLUT3 at the electron microscopic level as well as the light microscopic level (Figs. 4 and 5, Supplementary figure 1) . DISCUSSION GLUT3 may be a predominant GLUT subtype among class I GLUTs in the mammalian testis; however, the precise cellular localization has been not determined (4, 21) . An early immunohistochemical study by Burant and Davidson (4) reported that GLUT3 was expressed in all cells of the seminiferous epithelium of the rat testis, including sperm. Another immunostaining by Galardo et al. (10) described that testicular tissue sections-though there was no comment about cell types-and Sertoli cell monolayers obtained from 8-and 20-day-old rats were immunoreactive for GLUT3 as well as GLUT1. In contrast, Rauch et al. (32) observed a limited localization of GLUT3 immunoreactivity in spermatids of the rat testis. The present study revealed an intense expression of GLUT3 in the germ cell line of mouse and rat testis, except for the spermatogonia. The expression of GLUT3 in the spermatocytes is achieved during the following stages of spermato- Fig. 3 Light microscopic images of mRNA expressions of GLUT3, MCT1, and MCT2 in the rat testis; bright-and dark-field images of the same sections. GLUT3 mRNA is mainly expressed in the spermatocytes and round spermatids (a). The expression of MCT1 mRNA is restricted to the spermatogonia (b), while MCT2 mRNA is intense in the spermatid layer (c). Bar 50 μm localized outside the blood-testis barrier and involved in the uptake of blood-derived hexoses. The cellular localization of MCT1 in the testis of rodents is controversial. The first report on the localization of testicular MCT1 described its localization only in the sperm heads in the lumen of seminiferous tubules in hamsters (12) . According to the immunostaining of the rat testis, MCT1 is identified "at the membrane level of the different germ cells" while MCT2 is specifically detected in the tail of elongated spermatids (14) . Another immunostaining study using the rat testis described the tissue sections as showing immunoreactivities for all MCT1, MCT2, and MCT4 in interstitial cells, together with MCT1 in "surrounding spermatogenic cells in the seminiferous tubules" and with MCT2 on the tails of spermatozoa (3). More recently, Mannowetz et genesis, thus providing mature sperm with GLUT3 to utilize glucose for successful fertilization (34, 38) . The seminiferous tubules construct a diffusion barrier against free passage to the adluminal compartment, as confirmed by the present immunostaining of the tight junction protein, ZO-1. Therefore, where hexoses incorporated by GLUT3 are derived from beyond the blood-testis barrier remains to be elucidated, though glucose may cross the blood testicular barrier and be taken up by spermatogenic cells (29, 37) . In a preliminary study, we examined the mRNA expressions of other GLUT members which belong to classes II and III, except for GLUT6 (a pseudogene) and GLUT11. Since a significant expression of GLUT5 and GLUT8 mRNA was detected in the mouse testis (Supplementary figure 2) , we must consider the possibility for these GLUTs to be Fig. 4 Immunohistochemistry for GLUT3, MCT1, MCT2, and CD147 in the mouse testis. In a double staining of GLUT3 and MCT1 (a), the spermatogonia are intensely immunoreactive for MCT1, while an intense GLUT3 immunoreactivity is distributed broadly from the spermatocytes to sperm. Interstitial cells are also immunolabeled with the MCT1 antibody (arrows). In a double staining for GLUT3 and MCT2 (b), MCT2 immunoreactivity is intense only in the tails of elongated spermatids and sperm. Essentially all germ cells are immunolabeled with the CD147 antibody (c). Arrows indicate CD147-immunoreactive spermatogonia. In Fig. 4c , nuclei are stained green with a nucleic acid dye, SYTOX.
is observed even in the complete absence of glucose in a culture medium (33) . The less intense but significant expression of MCT1 in spermatocytes and spermatids suggests the sufficient uptake of lactate and other monocarboxylates by MCT1; this is supported by the colocalization of CD147, which is involved in the trafficking of MCT molecules to the cell membrane. Moreover, a lactate transport measurement using isolated spermatogenic cells of the rat indicated that lactate entered both pachytene spermatocytes and round spermatids using MCT transporters (3). The predominant localization of MCT2 in the tails of sperm is consistent among researchers: MCT2 is localized specifically in the distal part of sperm tails (1, 3, 13, 14, 23) . Electron microscopically, MCT2 is present along the cell membrane of the principal piece and terminal piece in sperm residing in rat and mouse seminiferous tubules (1, 6) . Interestingly, the localization of MCT2 translocates to the middle piece of the sperm during maturation (6, 13, 23) . At the mRNA level, in situ hybridization studies in the rat have reported the localization of MCT2 in speral. (23) have reported that murine MCT1 is localized in sperm tails and in the plasma membrane of both spermatocytes and spermatids. In the present study, spermatogonia were a predominant expression site for MCT1 in a population of seminiferous tubules in the mouse and rat testis. This immunoreactivity was supported by our in situ hybridization analysis at the mRNA level. Thus, the spermatocytes beyond the blood-testis barrier start to express GLUT3 intensely as they reduce the expression of MCT1, implying that the main energy sources of germ cells change from monocarboxylates to glucose or other hexoses. This supposition does not agree with previous observations showing that lactate represents a preferential energy substrate for spermatocytes and spermatids (19, 25, 28) . Although there is a possibility that Sertoli cells incorporate glucose by the use of GLUTs and produce lactate via glycolysis to supply it with germ cells, we failed to detect immunohistochemically any significant signals of GLUT1 and GLUT3 which have been reported to exist in the cultured Sertoli cells of rats (5, 10) . Nevertheless, lactate production by Sertoli cells adluminal compartment. There is evidence that lactate has a crucial role in spermatogenesis (7, 11) and also exhibits an anti-apoptotic effect on germ cells (8) . Sertoli cells represent one of the predominant sources of lactate in the seminiferous tubules. If lactate is produced in Sertoli cells by a glycolytic matocytes and round spermatids (1, 3) . Our present in situ hybridization study observed a selective expression of MCT2 mRNA in the spermatids in the mouse and rat testis. Sertoli cells control the production or passage of metabolic substrates (glucose and lactate) toward the In conclusion, spermatogonia and spermatocytes/ spermatids use different transport systems for energy substrates, possibly due to the existence of the blood-testis barrier. The involvement of Sertoli cells in this transport system may be not so high as expected previously since Sertoli cells did not express any subtypes of MCTs or GLUTs. The origin of glucose and other hexoses taken via GLUTs and utilized by spermatocytes and spermatids remains to be elucidated.
